Biphasic parameter identification of equine articular cartilage from creep indentation data using an optimized 3D FE-based method pressure applied to the cartilaginous tissue. However, it is not possible to directly extract the biphasic material properties (Young's modulus E, Poisson's ratio ν and permeability k) by analytical means (formulas, slope etc.) from a single mechanical test such as creep indentation [1] [2] [3] [4] . In this study, an optimized biphasic 3D-FE-model-based approach was implemented to extract the three material parameters directly by fitting the numerical model to experimentally measured creep indentation data. Furthermore, a sensitivity analysis of the calculated biomechanical parameters was performed in order to identify the influence of the single parameter.
Introduction
Articular cartilage can be investigated and characterized by biomechanical, biochemical and histological analysis. The biomechanical properties contain a variety of relevant information for the functional characterization of cartilaginous tissue. Typically, in that regard, the modulus of elasticity or permeability (k) are evaluated for a defined
Experimental Setup
Equine medial anterior condyles were harvested from knee joints to carry out the creep indentation experiments (cadaver specimens from abattoir, n=5, age 5-6 years, no visible damage, stored fresh frozen at -20°C).
The indentation was performed by a flat-end cylindrical indenter with a tip diameter of 1 mm. The indenter was placed perpendicular to the tissue surface. A custom-built creep-indentation testing device (Hannover Medical School, Central Research Workshop) was used to apply a force of 0.1 N with 0.4 N/s until a steady state maximum indentation depth was achieved (Fig. 1) . The samples were mounted in a culture dish filled with physiological saline. The creep load was measured with a custom-built force sensor (Hannover Medical School, Central Research Workshop) placed under the culture dish. To measure the resulting indentation depth, an eddy current sensor was integrated (Micro-Epsilon©, Germany).
The following load profile was used: 1) Determination of the cartilage's surface (move indenter until a load of 5 mN is reached); 2) Recovery from the preload of step 1 for 10 min; 3) Creep indentation at 0.1 N for 1000 s [5] .
The creep indentation was performed first, followed by a needle probe thickness measurement at the identical location [6] . All tests were performed at 37°C in 0.15 M PBS solution.
Computational Modelling
For the calculation of the biomechanical parameters of articular cartilage from creep indentation, an FE-based parameter extraction model was applied. The software Finite Elements for Biomechanics (FEBio©, Version 2.3) was used to set up the FE-model and the parameter identification [7] . The model was configured in accordance with the experimental setup to match the individual dimensions and boundary conditions of each specimen. To reduce processing time, a pseudo-axisymmetric wedge model was implemented (Fig. 2) . Additionally, the FE-mesh resolution was adjusted base on a convergence analysis in order to minimize the model error and to obtain mesh independent results [8] .
A biphasic model was used for an accurate description of the mechanical behaviour of articular cartilage. According to the biphasic theory [9] , the tissue was assumed to consist of an incompressible solid matrix, hydrated with an incompressible fluid. The total stress in the tissue was given by the sum of the solid and fluid stress (1)
( )
where σ E is the effective stress tensor, p the hydrostatic fluid pressure, and I the unity tensor. The solid matrix is assumed to be hyperelastic and isotropic. The material representation used consisted of a solid matrix with hyperelastic compressible neo-Hookean properties, constant permeability and an inviscid fluid phase, which introduces three material parameters of Young's modulus, Poisson's ratio and permeability of the solid matrix [10] .
The hyperelastic strain energy density was derived from the following function (2) ( ) where α and µ are the Lame´ constants, I 1 is the first invariant of the left Cauchy green tensor and J is the determinant of the deformation gradient tensor [7] .
The parameter optimization module of FEBio© was used. This module iteratively identifies material parameters by solving an inverse finite element problem by coupling the FE-model to an optimization scheme that minimizes the error between the experimental results and the FE-predicted timedependent creep curve. The Levenberg-Marquardt algorithm was used as optimization scheme [7, 11] . The optimization objective function that had to be minimized was defined as the sum of squares of the difference between experimental and simulated creep curves. The convergence tolerance and the scale factor for the objective function was set to 0.001. For the evaluation of the parameter identification, the coefficient of determination R² of the optimization was calculated for every fitting result.
The FE-modelling and optimization process was conducted on a 64-Bit Quad-Core Workstation z800 HP®. 
Sensitivity Analysis
In this study, the one-at-a-time sensitivity method was performed [12] . One parameter was varied in a given value range while the other two were held constant [13] . The new calculated creep curves were used and compared as model output. The estimated parameters from the parameter identification were utilized as start values.
Results
Experimental creep curves of the five equine articular cartilage specimens present typical viscoelastic behaviour of cartilage tissue (Fig. 4) . No meaningful changes occur in the measured displacement after about t = 250 s.
Typically, the differences between simulation and experiment are small (e.g. sample no. 1, R² = 0.882, Fig. 3) . The estimated material parameters vary from 0.684 to 0.948 MPa for Young's modulus E and 0.008 to 0.014 mm 4 /Ns for permeability k (Tab. 1). The determined values for the Poisson's ratio for all samples are zero with the exception of specimen no. 2. For all samples R² varies between 0.882 and 0.974.
The results of the sensitivity analysis show that all three parameters influence the shape of the creep curve (Fig. 5-7) . The Young's modulus has especially high influence on the height of the displacement values. However, permeability strongly influences the initial slope of the creep curves. The Poisson's ratio has a lower influence both on the height of the displacement values and on the initial slope of the creep curves, below ν = 0.1, the creep curve is insensitive to Poisson's ratio.
Conclusion
An optimized biphasic 3D-FE-based method was utilized to characterize the mechanical behaviour of equine articular cartilage from creep indentation data. For the computational determination of the three material parameters, Young's modulus, Poisson's ratio and permeability, the optimization routine operated robustly and converged to unique parameter value within one hour. The used parameter extraction model described the experimental creep indentation data very accurately (R² > 0.88).The sensitivity analysis showed that all three material parameters influence the creep curve shape. Results showed that the Young's modulus has the largest influence and the Poisson's ratio of ν ≤ 0.1 is rather insensitive. In this study the determined mean value for the Poisson's ratio is nearly zero, thus it is possible to reduce the optimization approach to a two parameter identification problem. Particularly when using mathematical extensions of the biphasic FE-model the optimization routine will operate more robustly. For this optimization, the Poisson's ratio assumed to be zero. Future work will also deal with 
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